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Abstract 
Advanced High Strength Steels (AHSS) are increasingly used in the industry due to their excellent strength and formability 
properties enabling weight savings. In this wide class of steel we restrict ourselves to the modeling of Dual Phase (DP) steels 
which are, at the microscale, characterized by a hard martensitic inclusion phase embedded in a soft ferritic matrix phase. 
During the production process the martensite transforms from austenite by rapidly cooling down the material and thereby 
causing a volume jump leading to initial plastic strains associated with eigenstresses of higher order. A technique to incorporate 
theses distributed properties in the ferrite matrix is proposed and implemented using the direct micro-macro transition approach.  
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1. Introduction 
Steels have been widely used in a variety of industrial applications since decades owing to the good 
combination of strength and ductility they offer. With time there has been a massive advancement in the knowledge 
of the microstructure of steel which shows that their macroscopic response is strongly influenced by the 
interactions between various phases that constitute its microstructure. This, in conjunction with development of 
superior production technologies has led to the manufacturing of advanced high strength steels (AHSS). These 
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steels are used in applications where low weight, high yield and energy absorption are required, e.g., crash sensitive 
parts in the automotive industry. These steels are further classified based on their microstructure constituents. In a 
typical AHSS microstructure one usually finds a combination of phases like ferrite, martensite, austenite, bainite, 
etc. For modeling purposes in this paper we restrict ourselves to a microstructure consisting of the two phases 
ferrite and martensite. This type of AHSS is known as Dual-Phase (DP) steel. Inclusions of martensite with a 
relatively high yield stress, are embedded in a ferrite matrix with a significantly lower yield stress. These inclusions 
act as reinforcements and an appropriate volume fraction of martensite inclusions in the ferrite matrix would lead to 
a DP steel with desired forming capabilities. Their production consists of a series of processes, each of them 
altering the microstructure in a specific way to end up with the desired ferrite-martensite grain distribution. First 
amongst these are hot rolling and cold rolling processes at the end of which a ferrite-austenite microstructure is 
obtained. This is followed by the heat treatment process where initially the sheet is preheated to allow for recovery 
and recrystallization from cold rolling and then soaked and quenched. During quenching the temperature is almost 
instantaneously reduced to allow for a phase transformation of austenite to martensite. This conversion of austenite 
inclusions to martensite causes a volume jump in the inclusions accompanied by the nucleation of distributed 
properties in the ferrite matrix, as e.g. plastic eigenstrains. These distributed properties influence the macroscopic 
yield behavior. This paper aims to introduce a technique to model such eigenstrains in order to arrive at an accurate 
macroscopic yield behavior which provides important information that can be used for modeling further 
applications like the forming processes of DP steels.  
2. Scale transition approach 
As indicated above, the macroscopic behavior of DP steels is dependent on the interactions occurring in the 
microstructure. An accurate approach for the modelling of such steels taking into account the microstructure is a 
direct micro-macro scale transition often referred to as FE2 scheme, see e.g. Miehe et al. (1999). In this scheme, to 
solve the macroscopic boundary value problem (BVP) nested microscopic BVPs based on representative volume 
elements (RVEs) are solved at the macroscopic integration points, which replaces the evaluation of the stresses and 
tangent moduli at these intergration points by means of a phenomenological law. By applying suitable boundary 
conditions, incorporating appropriate constitutive models for the individual phases and solving the microscopic 
BVPs, distributions of stresses and moduli over the microstructures are obtained. Thereby appropriate volume 
averages of these stresses and moduli can be computed over the microstructure 
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see Schröder (2000) or Schröder (2014) for details. These homogenized values are then returned to the respective 
integration points. A schematic representation of this approach is illustrated in Fig. 1. The main benefit of such an 
FE2 scheme is that no phenomenological model is required at the macro level. In detail, certain effects such as 
anisotropy and complex (eventually anisotropic) kinematic hardening at the macroscale result directly from 
interactions between the phases.  
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Fig. 1. Schematic representation of FE2 scheme. 
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However, such a scheme is expensive in the sense of computing time and memory since a microscopic BVP has 
to be solved at every integration point. This induces a large number of history variables, basically all history 
variables and all degrees of freedom from all microscopic problems. This could be mitigated by exploiting the 
straightforward parallelization of microscopic BVPs or the construction of RVEs with simpler morphologies in 
order to reduce the degrees of freedom involved at the microscale.  
Two important aspects regarding the setup of the scheme which remain to be clarified: (I) particular choice of 
an appropriate RVE and (II) definition of a constitutive model able to describe the individual phases at the 
microscale. Typically, the design of an RVE is based on real microstructures. In case of DP steels these can be 
obtained by 3D EBSD measurements (combination of FIB (Focussed Ion Beam) and EBSD (Electron Back Scatter 
Diffraction)), cf. Konrad et al. (2006). The example in Fig. 2(a) depicts the morphology information obtained by 
such an analysis for a ferrite-martensite DP steel. The complex morphology leads to a high number of finite 
elements needed for discretization and hence a large system of equations at the microscale requiring immense 
computing power. Therefore, we consider the use of statistically similar representative volume elements (SSRVEs) 
to simplify the morphology, see e.g. Schröder et al. (2010). They are designed such that the inclusion morphology 
of the SSRVE is as similar as possible to the real microstructure in a statistical sense. They are obtained by 
minimizing a least square functional  
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which mainly consists of differences of statistical measures ȇ describing the microstructure morphology 
parameterized by Ȗ ; w denote weighting factors for the individual types of statistical descriptors. The SSRVE 
considered for the tests in this paper is shown in Fig. 2(b).  
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Fig. 2. (a) Real microstructure morphology and (b) statistically similar RVE used in the numerical calculations. 
 
Once the RVE is defined, a material model has to be constructed for the individual phases. Here, we use the 
finite J2 plasticity model from Simo (1992) with exponential hardening where the height of the yield curve is 
controlled by y0 and y. The yield function (ɮ) along with the hardening function (ȕ) are given as  
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ଷ
ߚ    and     ȕ = y + (y0 - y)ିఎఈ + hĮ,                                                                            (3) 
and Į are the equivalent plastic strains. The material parameters used in this contribution are obtained by adjusting 
to uniaxial tension tests performed on pure ferrite and martensite which were synthesized in laboratory.  
3. Initial volumetric strain approach (IVS) and results 
Performing an FE2 calculation using the components explained above, where a uniaxial tension test is simulated 
at the macroscale, one obtains the stress-stretch curve as depicted in Fig. 3(a) – curve (1). It turns out that there is a 
significant difference in the yield behaviour compared to the experiment which was performed on a DP steel. The 
reason is that the above mentioned distributed properties resulting from the production are not taken into account. 
To quantitatively investigate these distributions, nano-indentation tests were performed at Thyssen-Krupp Steel and 
the results of which are shown in Fig. 3(b). The data obtained indicates that there is a significantly distributed 
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hardness in the ferrite matrix. To incorporate this local increase of ferritic yield in the numerical model we locally 
modify the yield in ferrite using a two step approach that is explained in the following.  
                                                                   
(a)                                                                                                   (b)                                                             
                                        
 
 
 
 
 
 
 
 
Fig. 3. (a) Stress-strain diagram (normalised by initial yield stress of ferrite), (b) Nano-indentation test results in ferrite matrix. 
 
The first step consists of applying a volumetric expansion in the martensitic inclusions and capturing the 
resulting plastic strain distribution in the ferritic matrix. We consider these initial equivalent plastic strains (Į0) as a 
measure to quantify the intensity of the increase in yield. The second step thereafter is to shift the yield curve 
locally based on a modification factor ߦҧ which modifies the material parameters 
y0,F ĸ ߦҧ y0,F     and     y0, ĸ ߦҧ y0, .                                                                                                                 (4) 
Based on the results from the nano-indentation test the modification factor is chosen to be between 1.0 and 1.5. To 
calculate ߦҧ we propose to use  
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where ࢻ෥0 can be obtained by comparing the equivalent plastic strains at the point of interest with the average 
equivalent plastic strains (ࢻഥ0) over the RVE. So for cases where the equivalent plastic strain at a point is greater 
than the average value, the fraction ࢻ෥0/ࢻഥ0 is equal to 1 such that a maximum increase in yield is applied. When this 
is not the case the fraction is less than 1.0 and hence ࣈത is some value lower than 1.5. Thus, in this manner by 
üerforming the local modification in the ferrite yield based on the initial plastic strain distribution and then 
computing the stress-stretch plot we see that we are in good agreement with the experimental results as seen in Fig. 
3(a) – curve (2). In Fig. 4(a) and 4(b) the distributions of initial plastic strains and the modification factor are 
illustrated.  
 
(a) (b)                                                                            
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) Initial volumetric strain distribution on RVE and (b) stress-stretch comparison experimental-IVSA-original. 
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4. Influence of thermomechanics on ferritic hardening accumulation 
The IVS approach to simulate the ground state of DP steels is a rather engineering-like approach. To perform 
more realistic simulations it may be necessary to incorporate thermomechanics and phase transformation in the 
inclusions. As a first step in this direction we implement the thermoplastic model based on Simo and Miehe (1992) 
to study the effect of temperature on the development of residual stresses. At the moment we consider linear 
isotropic hardening for plasticity and the initial yield stresses are a function of temperature. The material 
parameters for ferrite and martensite are listed in Table 1.  
Table 1. Material parameters for ferrite and martensite. 
 E Ȟ ĮT c k H 
 in MPa  in K-1 in mm2/s2K in NK/s in MPa 
Ferrite 206,000.0 0.3 1*10-5 0.46*10-9 49.0 5000.0 
Martensite 206,000.0 0.3 1*10-5 0.46*10-9 43.0 25000.0 
 
For the implementation of the consistent stiffness matrix we use here a numerical approximation scheme based 
on an extension of the complex-step derivative approximation (CSDA) approach for tangent moduli as proposed in 
Tanaka et al. (2014). This provides a higher flexibility to alter the material model for the development process 
since the time consuming implementation of consistent derivatives is avoided. The method considers perturbations 
along the imaginary axis in order to get rid of round-off errors. Thus, as compared to the conventional finite 
difference scheme we no longer need to choose an optimum perturbation, as the optimum value is simply the 
smallest value possible. This implementation is then used to compute a tension test boundary value problem to 
study the thermomechanical response. For this problem the microstructure in Fig. 2(b) is used. Fig. 5 shows the 
results after application of 2.3% strains along the X-direction. The plots indicate that there is a high development of 
plastic strains in the ferrite matrix region which is constricted between the martensitic inclusion. Since it undergoes 
higher amount of plasticity there is also a rather small temperature rise originating from this region due to the 
energy dissipated by the plastic work which is depicted by the red spot in Fig. 5(b).   
 
                              (a)                                                                                     (b)                                                             
 
 
 
 
 
 
 
Fig. 5. (a) Equivalent plastic strain and (b) temperature distribution in the microstructure at 2.298% macroscopic strains. 
5. Impact of thermomechanical factors for residual stresses 
Since our aim is to achieve a more realistic initial configuration of the DP steel after the production process, a 
simplified production procedure consisting of the load cycles as described in Fig. 6(a) is applied to a simple 
microstructure shown in Fig. 6(b). Here the compression (M) is analogous to cold rolling, temperature cycle (T) to 
the heat treatment and the volume jump (V) to the phase transformation process. Two tests are carried out, one 
where all the three (M-T-V) cycles are active and the other where only T-V loads are applied. The results in Fig. 
6(c) and (d) clearly indicate that the accumulation of plastic strains in ferrite is much higher for the first case as 
compared to the second. It was also found that in the case where we apply only V, even lower strains in ferrite as 
compared to the T-V case are obtained. This test indicates the contribution of each of the loading cycles to the 
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accumulation of plastic strains and hence hardening distributions in ferrite. However, still work in progress is the 
analysis of the impact onto the macroscopic stress-strain response.   
 
(a)                                                                               (c)                                                                    (d)  
 
 
                         
(b) 
 
 
 
Fig. 6. (a) Loading cycles where M: mechanical compression (Z-axis), T: thermal cycle (ș0=373K) and V: volume jump in inclusion, (b) 
microstructure used, (c) equivalent plastic strains due to M-T-V loading cycles and (d) equivalent plastic strains due to T-V loading cycles. 
6. Conclusion 
To model multiphase steel it is advantageous to consider a scale bridging method as e.g. the FE2 scheme. We 
have observed that the IVS approach appears to be a reasonable tool to incorporate property distributions in the 
ferritic matrix as well as eigenstresses resulting from the production process. However, it was also seen that each 
step of the production process has a contribution to the hardening of the ferrite. Hence, to achieve more realistic 
simulations it may be necessary to include thermomechanically driven models which may be combined with a 
modified IVS approach. This however is subject of further investigation.  
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